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Abstract 
A quasi-microgravity environment appears in a high-field superconducting magnet bore where a large magnetic force 
counterbalances gravity acting on a diamagnetic substance.  This suppresses convection of the diamagnetic solution 
in the crystallization cell placed in the bore from which protein crystals precipitate.  
A 16 T class superconducting magnet has been developed with a special coil configuration; one of the component 
coils produces a magnetic field the direction of which is opposite to that of the other coils.  Thus, a large magnetic 
field gradient occurs, creating a magnetic force large enough to levitate water and hinder convection.   
This magnet system is operated in persistent mode, which is adequate for a rather time-requesting crystallization 
process of proteins.  Preliminary experiments have shown that the protein crystallization process is substantially 
retarded in the magnetic force field.   
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
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1. Introduction
A number of biological and medical products, such as drugs and enzymes, are designed and synthesized
on the basis of 3-D structures of protein crystals determined by X-ray diffraction.  Thus, high quality
protein crystals are a crucial key for innovative biotechnologies.  However, obtaining high quality protein
crystals to date is like a gamble leaving everything to chance and regarded as a serious bottleneck in the
course of development.
One of the major factors disturbing the formation of protein crystals of high integrity is convection of
protein solution that incorporates different defects into growing crystals.  If convection is somehow
suppressed, crystallization proceeds in purely diffusional manner and crystals of high integrity should
precipitate from solution. Thus, space is an excellent environment for protein crystallization, since
gravity-induced convection disappears.  In fact, protein crystallization has always been among major 
subjects of space experiments.  Improved integrity has been reported on those protein crystals grown in
space [1]. 
A quasi-microgravity environment can appear in a high-field superconducting magnet bore where large
magnetic force counterbalances gravity acting on a diamagnetic substance. Levitation of diamagnetic
substances by magnetic force is now a popular scientific playground where improved integrity has been
reported on protein crystals grown in magnetic fields [2].
Magnetic force is proportional to the product of magnetic field and magnetic field gradient, as given in
the following equation:
dz
dB
BFm P 0
F 
 (1)
where Fm is magnetic force per unit volume (N/m
3), F volume magnetic susceptibility (-), P0 permeability
of vacuum, B magnetic field (T) and dB/dz magnetic field gradient in vertical direction (T/m).  A
diamagnetic substance is fully levitated when Fm is equal to gravity, Fg.  To levitate water, BdB/dz
amounts to ca. 1,360 T2/m.  Thus, this approach to protein crystallization by diamagnetic levitation
requires high magnetic field and large magnetic field gradient.  Taking into account the fact that protein
crystallization from solution is a rather time requesting process, sometimes weeks or months long,
superconducting magnets operated in persistent mode will be the first choice.
A superconducting magnet system has been developed which can generate magnetic force large enough
to levitate water and suppress convection; the magnet has superconducting joints and is operated in
persistent mode.  Preliminary protein crystallization experiments have been carried out using this system.
The results of these are described below.
2. Fabrication of superconducting magnet for diamagnetic levitation
The superconducting magnet system developed is illustrated in Fig. 1.  The design of the system is 
featured by its coil configuration; the magnetic field direction of the upper Nb3Sn coil is opposite to that 
of the lower NbTi and Nb3Sn coils.  The maximum magnetic field generated by the lower coils is 16 T.
Between the two groups of coils Fm becomes large enough to levitate water, creating a quasi-microgravity
zone where gravity-induced convection is suppressed. The crystallization cell is placed in this zone. 
A serious problem with this asymmetric coil configuration is the electromagnetic, repulsive force induced
between the upper and the lower coils. This problem has been solved by shifting the relative position of
the lower NbTi coil to the lower Nb3Sn coil along the magnet axis; the electromagnetic force is then
reduced effectively.
In order to generate a magnetic field of 16 T in persistent mode operation, a high performance Nb3Sn
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Fig. 2 Crystallization of protein in and outside magnetic force field.
Fig.1. Superconducting magnet system developed.
superconductor is required. The magnet has been fabricated by using the Nb3Sn superconductor which
was originally developed for over 900 MHz NMR magnets [3].
Prior to the crystallization experiments on different proteins, water was levitated in the magnet bore.
3. Crystallization experiments 
The crystallization cell consists of a well and a reservoir, and is placed in the microgravity zone in the
magnet bore. The sitting drop vapour diffusion method has been adopted for crystallization [4].  Fig. 2
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4. Discussion
It is known that crystallization of protein of high quality is difficult.  Some proteins cannot even be 
n 
t 
parallel been carried out to clarify effects of magnetic field, magnetic 
5. Summary 
A superconducting magnet system has been developed which is operated in persistent mode and generates 
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